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[Gj &M <4 Things we will discuss in this lecture
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Kinetics of Electrode Reactions:

® How to build a model for charge transfer at electrode surfaces?
® \What are the key assumptions for Butler-Volmer equations?

® \What does the n-/ curve look like at small/large overpotentials?
Frumkin Correction:

® \Whatisthe Frumkin Effect? How does the space charge layer affect the kinetics at electrode
surfaces/interfaces?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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In either case, electro-catalytic reaction determines
the performance of cells

Stamenkovic, Markovic et al., Nat. Mater., 16, 57-69 (2017)
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101 SrCoO, OER electrocatalyst in 0.2 M KOH V@ S
Equilibrium potential with fixed [0] =g and [R],=¢
g 15 / 0 (concentrations are only evaluated at interfaces):
P
N . |
LT 7 l B, = il =0
$ | Bs 7 | : a =5 (R
e 0 % | 4 l =
ey £ / 3 Nernst Equation
g’ %1.45- R
g f
@ 41 140 | ® The current (I) is directly related to the rate of
L L3\ | ;T the electrochemical rxn (so-called Faradaic
3 | | | current);
21 1%_:rrent Density (ﬁ):/cmZ) 1 0 =
® The potential applied (controlled) E can be far
away from E,;
0
1.1 1.2 1.3 1.4 1.5 1.6 1.7 ® \We seek a theory to make prediction of I-E

Potential (vs. RHE) curves

(my own data)




The difference between catalysis (chemical) and electro-

W) 2522 catalysis (electrochemical)

Chemical Reaction (rxn) Electrochemical Reaction
(Catalysis) (Electro-catalysis)
A=B O+e =R
A B 0, I R
W
| | e
Reaction rate is determined by Reaction rate is determined by
» Concentration of reactant and product ([A] and [B]) * Concentration of reactant and product ([O] and [R])
* Temperature * Temperature
* Electrode potential (which affects energy of
electrons)

* Concentration of electrons (?) = quantum effect




‘ﬁ'jj ## <4 Fundamentals on thermal catalysis (chemical reaction)
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Transition State Theory k¢
A<=1B
A kb
A > ke = Afexp(—AGf* /RT)
2 A k, = Abexp(—AGj: /RT)
k v B
‘é Prefactor (or Frequency factor)
B O kT
Erying Equation | 4 = K_Z_
!

Transmission Planck’s constant
coefficient (h = 4.135 x 10~ 5eV /Hz)

O0<k<l1

v

Reaction coordinate®

*

“an abstract one-dimensional coordinate which represents
progress along a reaction pathway” -Wikipedia At equilibrium: | k¢[A] = k;,[B]
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W) & #M <4 Electro-catalysis: charge transfer reaction

O+e

>
(@)
g \/ a: symmetry coefficient
ot /
GLJ A
E (1 —a)FAE
__9 Y
U A
aF AE

\ 4

Reaction coordinate

v

Reaction coordinate
Note: applied electric potential (AE) only changes the

Question: How does applied electric potential (AE)
energy of O + e~ due to the charge of electrons

change the free energy of activation (AGF)?
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W) & #M <4 Electro-catalysis: charge transfer reaction
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k¢
R O+e k\—aR

\/ B 0+e" AGF = AGT + aFAE
— \/ AGF = AGE — (1= a)FAE
/ .
U

>
O
Q
-
: & 2
GJ —
k2 ) /I\“ : aGH /\,: (1 - @)FAE
) \ & / Al /
2N The W Fard \ 1| ko= acemp (-t /o)
O | FAE Y ‘
St o I B = Acexp (=AGy. /RT) exp(~aFAE /RT)
Reaction coordinate
Reaction coordinate k, = Ajexp (_A(;iF /RT

)
= Agexp (—AGSEL/RT) exp((1 — a)FAE /RT)
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ke
O+e ]‘{_ R Note that AE = E — E” is the electrochemical driving force for the reaction
0 a
E% is so-called formal potential ~ [O]x=0= [R]x=0
e
R At equilibrium (E = EY, which means AE is 0) llco = A exp (—AG; /RT) = A.exp (—AGCqE /RT)
Standard rate constant k°
o "X I S 0 aFAE
Non-equilibrium Forward rxn R =k [O]x=0=k'exp| — BT [0]x=0

(cathodic)

Note: Electrocatalytic reaction only Backward rxn _

happens at the interface (x = 0); (anodic) R = k,[R]y=0= koexp<
We assume mass transport (diffusion)

is fast ([O]x=0~ [0]x=c)

(1 —a)FAE
- ) [Rl=0



Ejj #&#M <4 The Butler-Volmer (B-V) equation
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k.
O+e =R
kq

- Non-equilibrium | — F,f(ﬁ — §) = FAk° [exp (— “ZTA,E) [O]x=0—exp (%) [R]x=o]

Electrode surface area

R
F(E-EY 1-a)F(E-EY ,
I =FAK® lexp (—%) [O]x=0—exp (( o) R(T )) [R]x=0] Butler-Volmer Equation
> X
° "Sanity check”: at which potential E, i = 0?
aF(E — E%) (1—a)F(E —E%) o BT [O]x=0
exp ( RT ) [0]x=0= exp ( RT [R]x=0 eq F ([R]x:O)

Nernst Equation!
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ke
O+e =R
0 a
- We define overpotential as extra driving force compared with E,, Overpotentialn = E — E,,
Io = FAK°([0]520)Y " %([R]=0)® I, : Exchange current
R
aF (E—E®") (1-a)F(E—E®")
P’ lexp (— T) [0]x=0—exp( a — ) [R]x=0]
0
P _ex _aF(E = IS Cox (1—a)F(E — Egq)
= fo [€XP RT p RT Butler-Volmer Equation
I aFn (1= a)Fn (the most common form)
= lo[exp (_ RT ) - exP( RT )]




&# <4 The Butler-Volmer (B-V) equation
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aF(E — E.q) (1—a)F(E — E¢q) Butler-Volmer Equation
I =1Iylexp|— — exp h f
0 RT RT (the most common form)
0]
e 15 201
10-
10
R 5
— £ y
—5- —10+
> X
° —10 ~20-
_15_
_30_
~0.15 -0.10 —=0.05 0.00 0.05 0.10 0.15 ~0.15 —-0.10 —0.05 0.00 0.05 0.10 0.15
E—Eeq (V) E—Eeq (V)
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aF(E — E 1 —a)F(E —E
I =1, [exp (— ( eq)) — exp <( il eq))] Butler-Volmer Equation

RT RT
If E — E.qissmall (e*~1 + x) If E — E.q > 0 (compared with RT /F)
IoF (1—a)F(E —E,,)
I =Rw—(F &) [ = —] eq
RT A 0€Xp BT
l E—-E RT Only anodic current matters
Charge transfer resistance R, = ( eq) S y
I I,F
) [ — If E — E,; < 0 (compared with RT/F)
0.5]
S 00 aF (E — E,q)
I=1 —
~0.5 oexp( RT
%02 —o01 0.00 0.01 0.02 Only cathodic current matters

E—Eeq (V)



&M <4 Tafel plot: extract a and [,
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(1—-a)F(E — Eeq)
I = —Ioexp< o (E — Egq » 0)
Forward and backward current
aF (E = Eoq) a+*05 —— _
I =Iexp|— = (E —Epq K 0) not symmetric any more
103 103
102' 102_
< 101 < 10'
Tl I K In|I|
—ilnly — —1In
O aF
100_ 100_
1071 . . - -
—-0.2 —-0.1 0.0 0.1 0.2
E —Eeq (V)

107!
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The Butler-Volmer (B-V) equation can be used to describe the kinetics of
charge transfer at interfaces, not limited to electrocatalysts.

. Electrolyte

® FElectrochemical lonic Synapses use redox rxn to tune the conductivity

Writing {"‘} VG > VOCP
_| R
Qj"e' Reservoir
“‘@ Electrolyte
v i ?
®._ "
> nev'®+"e'

Channel

i

Source

Drain

of the channel material for memory and computing;

Writing (-)

— ’_|*3

Ve < Voce

Q:}'e' Reservoir
@ Electrolyte
: 5
g_ _________ ne_:;‘@-l-na
Sodrce Channel

Gate

Electrolyte f
_*

Channel l'

Jx

@

Interface
X

Jx = jxo exp((

a,zFV,

1—a,)zFV,
(a)z)

X
BT ) — exp(

RT )

® Faradaic current density at interface x (electrolyte/channel interfaces)

is modeled using B-V.

Huang, del Alamo, Li, Yildiz et al., Adv. Mater., (2022)
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W] & #M <4 Electrochemical reaction: Nernst equation

Electrolyte O+e =R
diffusion (ion transport)
0 — ; > 0 =
[ ]x—O [ ]x \ Equilibrium potential with fixed [0] =g and [R].,=¢
e
(concentrations are only evaluated at
electrode/electrolyte interfaces)
R|,=o ° > |R ], =
[R]x=0 - [Rlx=oco Nernst Equation
diffusion (ion transport) s RT ln([O]x—O) o RT » O]x:oo)
o F [R]x—O | R]x=oo
O "m" x 1

Fast diffusion
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_ Recall the concentration profile in the space charge layer:
C; 4 Space charge region

€+ (%) = Cjo0€XP(—

zed(x)
P

_____ : c_(x) = ¢; oexXp(+

Recall exchange current I,

0" Iy = FAK([0]4=0)* *([R]x=0)"

R I, is dependent on the concentrations

____________________________________ > tx =0
bo K+ R * ‘

Uy Space charge effect (so-called
Frumkin effect)
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Ejj #&#M <4 Gouy-chapman case: potential profile

Let’s consider the Gouy-Chapman case with +ze/[-ze defects: 500
zedp(x
C; 4 Space charge region p(x) = 2zec; ,sinh(— T )
B
i 1 Poisson’s equation
i, d?¢ p(x) 2zec; zed(x)
| == — = — sinh )
: dx? she EhEr kgT
i d(ﬁ ZkBT Zegb(x) gogrkBT
| — = — sinh( ) Ap = 2 >
; . dx zeAp 2kgT 227Ci o €
0“ i "on" 1
bo ; tanh(ze¢ (x)/4kpT) _ exp(— x S ~x
\ | tanh(ze¢0/4kBT) Ap (universal form)

Details in Homework 2, Problem 1
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tanh(zep(x)/4kgT)

tanh(zepo /4ksgT)

X ¢ (x)~x

B E (universal form)

Normalized Electrostatic Potential Profile
@ (x)/¢o for different ¢o (Ap = 24.35 A)

O ¢o=10mV
O~ ¢o = 100 mV
—O— ¢o = 1000 mV

If zegpy LK kgT, we can —
linearize the equation by ¢(x) = doexp(—x/4p)

using tanh x ~ x:

Normalized Electrostatic Potential Profile
d(x)/po vs x/A for different c.

1.0 O €.=100cm™3
~O— Cw=10%21cm™3
0.8 ~Smr W 02T
o 0.6
<
=
x
©0.4;
0.2
0.0 NN “(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((()))

0 2 4 6 8 10
X/A
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Ejj #&#M<4 Gouy-chapman case: apply Gauss’s Law to get
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If zepy K kgT, we can
B 5l = exp(—i gb(y.c)fvx Iinearige theBequation by_> ¢(x) = doexp(=x/4p)
tanh(ze¢,/4kgT) Ap (universal form) using tanh x ~ x:

C; 4 Space charge region

_—— ! [ d h ”
Electric field +—f Re Qenc enclosed charge

€o&r
At position x = 0:
d¢ ZkBT Zed)o
©==%| _ = ze2, "G, Ci,00

ZeAD ZkBT

2kpT ze
Qcore = €o&r z Sinh( ¢0>
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W) & #M <4 Gouy-chapman case: differential capacitance

Problem:
Capacitance goes to infinite
at high potentials

Origin:

Defects are treated as point
charges that can be
infinitely close to the core.

!

Need to consider
geometry effect
(size of defects)

We have established the correlation 0 — . 2kpT sinh zedy
between charge Q.,,-. and potential ¢, core = T0%T zeldp 2kgT
We can define differential capacitance: | ¢, = dQcore _ Soér cosh zedo
doy Ap 2kgT
C; 4 Space charge region
corew '
+
+
Q +
core N Ciloo
+
+
> X
O "OO"

(point of zero charge)



&#Mix4 HW 2, Problem |l: Capacitance of Space Charge Layers

e
LUJ WESTLAKE UNIVERSITY

We have established the correlation .
QCOT‘B - 8087"

between charge Q... and potential ¢

We can define differential capacitance: | ¢, = =
bo

ZkBT nh Ze¢0

ZeAD >t ZkBT
_ dQcore _ Soér o zed
Ap 2kgT

Cp Vs ¢ for different c.

0= €.=10°cm3
20+
151
—_~
~N
s
~ 1 0 i
Q
@)
5-
W
W (w“"@q@ @
0 | il (ﬂmmw’tu(uv(((4g%%%{%%g%%g§§§%§S§§§%§%§$§ﬁ(uj(t(u(\‘uw(\‘(l
-50 0 50

-150 -100

Stern layer diffuse layer

C C,

5

(point of zero charge)




['Gj &#M <4 Gouy-chapman case: Stern layer
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One must consider the size of defects to solve the capacitance issue:
Stern layer diffuse layer

Ci 4 d Space chargeregion O O 1 1 .\ 1
corew o Cior  Cs Cg

+

+
QCOT'G -

+

+

+

0 x
bo linear potential drop

¢ pZC
> (point of zero charge)
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Ejj &M <4 Frumkin effect: the contribution of Stern and diffuse layers

C; 4d Space chargeregion

ke
- 0~z 1D 4 e~ =2 R7Z

corew k
+ — Stern layer a
+ -ze - (1 —a)FAE
Qcore ) Ig = FAR = FAKk,[R]x=x, = FAkOexp< RT x=x1
+ : Ffii‘dg‘fuse layer
® Concentration effect: | [R]y=x, = [R]lx=c0€Xp(zF ¢ /RT)
. > X
0 E x]_ "OO"
Po linear potential drop ® Potential effect:
w/o Stern layer: — AE = FE — EY
w/Sternlayer: ——— AE = E — E° — ¢,
Poo
X1 X The Frumkin effect is the combination of both effects from the

change of concentration and potential!



[Gj &M <4 Frumkin effect: the contribution of Stern and diffuse layers
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C; 4d Space charge region 5
i P geregt I, = FAR = FAky[R] =y, = FAkOexp(

RT

(1- a)FAE)

corews
- — Stern layer
. [Rlx=x, = [Rlx=c0€Xp(2F ¢1 /RT) AE = E —E° — ¢,
0 + ‘
Coc
: ' (1 - @)F(E~ B — ) 2F o,
| : . x
¢ m j 2 (1~ (- BY)
p | | —a)F(E - E )
bo linear potential drop = FAk exp < RT [R]x=c0
e (z—(1—-a))F¢,
| exp( BT )
| e
v - x :

Modification from Frumkin effect



An example: hydrogen oxidation rxn (HOR) at Pt/BZY

W) Z725 interfaces

A A BZY = BaZro_9Y0_103_x H,0 + V, + 05 = 20H,
Positively charged core |
= 58 He
& & Inner interface ) }::.,{
P Electrochemical rxn: H,,. = OH, + e’
< ) - ads 0
3 : | S
£ Ao | =
e | :
" H* - E
= - - Formation of oxide ion vacancies Introduction of protons
g 2 Undoped BaZrO, by substituting Zr(1V) with Y(I11) through hydration reaction
=
= =
= > Water vapor
E E Substitute Y. 00
S - Zr(IV) with Y(III) L4
S Bulk & nd
= Space charge layer
- = f— X A Y ‘
1 X= Xz = X1+}~. - Oxide ion vacancies Protons (H")

Courtesy of Prof. Donglin Han (Soochow University)

Chenetal., J. Mater. Chem. A, 2020, 8, 12566—12575



An example: hydrogen oxidation rxn (HOR) at Pt/BZY

W) Z725 interfaces

& & BZY =BaZr,,Y,.0,, H,0 +V; + 0% = 20H,
Positively charged core |
BZY
P H+
&_ & Inner interface £y
g ................................................... ﬁ.‘n- N Electrochemlcal xn: HadS ‘__\ OHO + e,
g - | [
E ﬂ(g (xjt) ‘"';., E
o o o
z 2 ® Due to the positive space charge core, the proton (OH)
E = concentration at x = x4 becomes depleted;
s £
2 E ® This will lead to a modified exchange current density due
< _ Spacechargelayer  Bulk to the Frumkin effect.
= £ " A W
X=X x=x2=x1+),_ _ 0 . l-ap «
> X Exchange current Ip=FAk ([OHO]X=X1) Q.H

l l

modified proton conc.  H surf. coverage

Chenetal., J. Mater. Chem. A, 2020, 8, 12566—12575
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W

Review of course content

Defect chemical equilibrium

Brouwer diagram:
[def] ~ [na;

[ = charge neutral species (e.g., O2,
Li)

Space charge layers (SCLs)

¢ (x1) # ¢ (x3)
.

a; (x;) # a; (x3)

® Gouy-Chapman case
“frozen”

® Mott-Schottky case) defects

\

i

-0

dx

Solid State lonics:

’

J

<——Transport and Reaction of ———

lonic defects

O fi;
—L %0
0x

fi; = u{ + RTIna; + z;F¢

/ lonic defect transport

® Diffusion: Vu # 0 (Vc # 0)
® Drift: Vg # 0
® Coupled drift-diffusion:

J i
L z2F2

Concerted ion-electron transport
Chemical diffusivity:

~

Solid-state electrochemistry

\_® OCP:E = ({1 g — o) /F
® Kinetics: Butler-Volmer egn.
Marcus(-Hush-Chidsey)
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[Gj &M <4% Things we have discussed in this lecture

Kinetics of Electrode Reactions:

® How to build a model for charge transfer at electrode surfaces?
® \What are the key assumptions for Butler-Volmer equations?

® \What does the n-/ curve look like at small/large overpotentials?
Frumkin Correction:

® \Whatisthe Frumkin Effect? How does the space charge layer affect the kinetics at electrode
surfaces/interfaces?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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